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We introduce a novel control method for robust quantum information processing suited for quan-
tum integrated photonics. We utilize off-resonant detunings as control parameters to derive a new
family of composite pulses for high-fidelity population transfer within the quantum error threshold.
By design, our detuning-modulated N -piece composite sequences correct for any control inaccuracies
including pulse strength, duration, resonance offsets errors, Stark shifts, unwanted frequency chirp,
etc. We reveal the symmetries of the pulses that allow for straightforward scaling with minimal
pulse overhead for an arbitrary N . Furthermore, we implement the composite solutions in coupled
waveguides allowing a complete light transfer that is robust to fabrication errors.
Quantum information processing (QIP) relies on high-
fidelity quantum state preparation and transfer. This
presents a challenge in practical realizations of QIP where
the admissible error of quantum operations is smaller
than 10−4 [1]. Thus, even small systematic errors, i.e.,
due to imperfections in fabrication or in the experimental
control knobs, reduce the fidelity of state transfer below
the fault-tolerant threshold. A powerful tool to correct
for systematic errors are composite pulses (CPs), which
were initially developed in the field of nuclear magnetic
resonance [2–9]. A composite pulse is a sequence of pulses
with different areas and/or phases that implement accu-
rate and robust quantum gates. To this end, CPs are
designed for resonant or adiabatic interactions with com-
plex coupling parameters [10–12] and were successfully
used to achieve complete population transfer (CPT) in
quantum systems in both radiofrequency (rf) and ultra-
short pulsed excitations [13].
More recently, CPs were applied in many physical re-
alizations of QIP including trapped ions [14] and atomic
systems [15, 16], and also to achieve accuracy in match-
ing higher harmonic generation processes [17] and in de-
signing polarization rotators [18, 19]. Another promising
candidate for advancing QIP technologies is integrated
photonic circuits due to their scalability and on-chip in-
tegration capacity [20–22]. However, the fidelity of oper-
ations remains below the QIP threshold due to unavoid-
able fabrication errors. CPs have not been previously
used to correct for such errors as existing sequences re-
quire control of the phase of the coupling, which in inte-
grated photonic circuits is a real parameter. The present
research is the first to address this limitation and to de-
rive CPs that can be used in any qubit architecture in-
cluding integrated photonic systems.
In this Letter, we introduce the first composite se-
quences designed for off-resonant complete and robust
qubit inversion without any constraints on the coupling
strengths. We achieve the desired high-fidelity popula-
tion transfer by suitably choosing the detuning parame-
ters while maintaining constant coupling. The presented
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FIG. 1. (color online) Qubit dynamics. (a) A two-state
atomic system with ground state c1 and excited state c2 cou-
pled via Rabi frequency Ω and detuning ∆. (b) An optical
directional coupler comprising two waveguides of widths wi at
a distance g can be described as a two-state quantum system.
general approach to derive detuning-modulated compos-
ite pulses of an arbitrary length N has a minimal pulse
overhead and robust transfer is realized even for N = 2.
In our analysis we consider a generic coupled two-state
quantum system which has many possible physical real-
izations including atomic and photonic (shown in Fig. 1).
We show that our solution is inherently stable to inaccu-
racies in all systematic parameters — coupling strength,
coupling duration and resonance offsets — and achieves
fidelities well above the QIP gate error threshold making
it a cornerstone for high-fidelity quantum operations for
QIP. Finally, we layout the general recipe to implement
the presented detuning-modulated composite sequences
in integrated photonic systems for broadband high fi-
delity optical switching.
Detuning-modulated composite pulses. The time evo-
lution of a qubit system {|1〉, |2〉}, shown in Fig. 1 (a),
driven coherently by an external electromagnetic field is
governed by the Schro¨dinger equation
i~∂t
[
c1(t)
c2(t)
]
=
~
2
[ −∆(t) Ω(t)
Ω∗(t) ∆(t)
] [
c1(t)
c2(t)
]
. (1)
Here, [c1(t), c2(t)]
T is the probability amplitudes vec-
tor, Ω(t) is the Rabi frequency of the transition, and
∆(t) = ω0 − ω is the real-valued detuning between the
laser frequency ω and the Bohr transition frequency of
the qubit ω0. In what follows, we assume Ω(t) and ∆(t)
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2real and constant, which is well-suited for the foreseen
implementation of our results in coupled waveguides and
in optical elements for generating higher harmonics.
The unitary propagator of the time evolution governed
by Eq. (1) is found according to U(t, 0) = e−i/~
∫ t
0
H(t)dt,
U(δt) =
[
cos
(
A
2
)
+ i ∆Ωg sin
(
A
2
) −i ΩΩg sin (A2 )
−i ΩΩg sin
(
A
2
)
cos
(
A
2
)− i ∆Ωg sin (A2 )
]
.
(2)
Here, Ωg =
√
Ω2 + ∆2 is the generalized Rabi frequency
and A = Ωgδt is the pulse area with δt = (t − t0) being
the pulse duration. The propagator U(δt) evolves the
state of the qubit from the initial time t0 to the final
time t according to c(t) = U(δt)c(t0). If the initial state
of the qubit at t0 is |1〉, the population of the excited
state |2〉 at time t is found by the modulus squared of
the off-diagonal propagator element |U12(δt)|2.
We assume a composite pulse sequence comprising N
individual off-resonant pulses with Rabi frequencies Ωn
and detunings ∆n. Given the individual pulse propaga-
tor Un(δtn) from Eq. (2), the propagator for the total
composite pulse sequence is given by the product
U (N)(T, 0) = UN (δtN ) UN−1(δtN−1) . . . U1(δt1), (3)
where δtn = (tn − tn−1) is the duration of the nth pulse
(t0 = 0 and tN ≡ T ). Without loss of generality, we focus
on the case of individual pi-pulses, i.e., An = A = pi,
which is easily realized by setting the pulse durations
according to δtn = pi/Ωg,n.
N -pulse broadband composite sequences. We require
that the composite sequence produces complete qubit
flip at the end of the evolution, that is, the modulus
squared of the off-diagonal element from Eq. (3) is
|U (N)12 (T, 0)|2 = 1. See Supplemental Material at [.....]
for the exact form of the propagator element for an ar-
bitrary N . We use the set of detuning values {∆n} as
control parameters and find that for a qubit flip they
need to fulfill a general analytical condition depending
on the value of N . For an even number of pulses N = 2n
that is
1 +
2n∑
i<j=1
(−1)i+j+1 ∆i
Ωi
∆j
Ωj
+ . . .+
+
2n∑
i<...<m=1
(−1)i+...+m+1 ∆i
Ωi
· · · ∆m
Ωm︸ ︷︷ ︸
2n times
= 0, (4)
while for an odd number of pulses N = (2n+ 1) it is,
2n+1∑
i=1
(−1)i+1 ∆i
Ωi
+
2n+1∑
i<j<k=1
(−1)i+j+k∆i
Ωi
∆j
Ωj
∆k
Ωk
+ . . .+
2n+1∑
i<...<m=1
(−1)i+...+m+1 ∆i
Ωi
· · · ∆m
Ωm︸ ︷︷ ︸
(2n+1) times
= 0. (5)
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FIG. 2. (color online) Fidelity of the detuning-modulated
composite sequences vs errors in the pulse area δA/A. (top)
Fidelity of the first-order CPs with N = 2, 3 (green, red) con-
stituent pulses, and of the second-order sequence with N = 3
(blue). (bottom) Infidelity of the CPs from (top) with (dashed
curves) and without (solid curves) Gaussian errors of 10% in
A averaged over 100 times. The fidelity of a resonant pulse is
shown in black.
A robust composite sequence that corrects for imper-
fections in the pulse area exhibits the signature flat-top
profile at A = pi as shown in Fig. 2 (top). We achieve this
by taking the partial derivatives of the off-diagonal ele-
ment from Eq. (3), ∂
k
∂Ak
|U (N)12 (T, 0)|2, at A = pi and con-
secutively nullifying them (k = 1, 2, . . . ) [10]. The odd
derivatives are always equal to zero and thus for a first-
order CP we need to nullify the second derivative, while
for a second-order CP – the second and the fourth deriva-
tives simultaneously. Note, that in contrast to previous
works [10, 11], the pulse area A for an off-resonant pulse
is a function of all systematic parameters—pulse dura-
tion, amplitude, and detuning—and thus, the detuning-
modulated composite pulses presented here are robust
against all systematic errors by design.
In the following we provide analytical solutions for
broadband pulse sequences of arbitrary lengths N with
equal couplings (Ωn = Ω) by utilizing symmetry rules
for the detuning values of the individual pulses. The
presented sequences will be straightforward to realize in
NMR and in coupled waveguides qubits. We note that
other sets of solutions that do not fulfill the given sym-
metry rules exist and can be obtained by numerically nul-
lifying the partial derivatives. However, this task proves
computationally challenging even for short composite se-
quences of length N = 3 due to the complicated form
of the propagator element and its derivatives. Thus, the
uncovered pulse symmetries represent a powerful analyt-
ical quantum control tool and allow finding sequences of
arbitrary lengths in a straightforward manner.
3First-order composite pulses: Sign-alternating ∆. We
consider individual detuning parameters that are equal in
magnitude and alternating in sign, i.e., ∆i = −∆i+1 ≡ ∆
for i = (1, . . . , N−1). Then, the CPT conditions Eqs. (4)
and (5) can be combined and rewritten as the polynomial
n∑
s=0
(−1)sΩ2s
(
N
N − 2s
)
∆N−2s = 0, (6)
which is valid for both even N = 2n and odd N = (2n+1)
sequences. The roots of this polynomial provide the val-
ues of ∆ for which a complete bit flip is achieved and
moreover ∂
2
∂A2 |U (N)12 |2 at A = pi is nullified. For a flat-top
broadband composite sequence we choose the root that
minimizes the fourth derivative ∂
4
∂A4 |U (N)12 |2 at A = pi
(the polynomial is a symmetric function of ∆). Finally,
we find that first-order detuning-modulated CPs of arbi-
trary lengths N with sing-altenating detunings are im-
plemented for ∆ given by the largest (in absolute value)
root of the polynomial Eq. (6).
As an example, we consider the shortest detuning-
modulated composite pulse which has only 2 constituent
pulses with durations δti = pi/
√
Ω2 + ∆2i , (i = 1, 2). Eq.
(6) is simply Ω2 − ∆2 = 0 whose roots ∆ = ±Ω realize
the shortest broadband sequence. Similarly, given the
general solution in Eq. (6) it is easy to find sequences of
any length N and in the table below we present several
examples for N = 3, 4, and 5.
First-order detuning-modulated CPs
N ±(∆,−∆,∆,−∆, . . . )/Ω
2 (1,−1)
3 (1,−1, 1)√3
4 (1,−1, 1,−1) 2.4142
5 (1,−1, 1,−1, 1) 3.0776
Second-order composite pulses: Anti-symmetric ∆. To
achieve higher fidelity of the CPs we need to additionally
nullify the fourth derivative of the off-diagonal propa-
gator element. We consider odd composite sequences,
N = (2n + 1), and detuning values that are equal and
anti-symmetric with respect to the length of the pulse.
That is, ∆i = −∆N+1−i ≡ ∆, while the detuning of the
middle pulse is ∆n+1 = 0. This anti-symmetric arrange-
ment fulfills the CPT condition Eq. (5) automatically
and similarly to the first-order CPs, the second deriva-
tive is zero as it is proportional to the diagonal element
of the propagator. For second-order CPs we need to find
the detuning values that nullify the fourth derivative and
minimize the sixth. This task is considerably simpler as
compared to when we do not adopt the anti-symmetric
detunings rule. In the table below we present the shortest
second-order detuning-modulated CP sequence of length
N = 3 and also the sequences with N = 5, 7 and 9. We
note that these results can easily be extended to large
odd lengths N .
Second-order detuning-modulated CPs
N ±(∆,−∆, . . . , 0, . . . ,∆,−∆)/Ω
3 (1, 0,−1) 2.5425
5 (1,−1, 0, 1,−1) 5.09027
7 (1,−1, 1, 0,−1, 1,−1) 7.6375
9 (1,−1, 1,−1, 0, 1,−1, 1,−1) 10.1845
The fidelities and infidelities in log scale of the
first- and second-order detuning-modulated composite
sequences as a function of the individual pulse area error
δA/A are shown in Fig. 2. For easy reference we also
plot the fidelity and infidelity of a resonant pulse and
the QI gate error threshold of 10−4 [1]. The presented
composite sequences are very robust against pulse area
errors and the infidelity of the population transfer is well
below the QI benchmark even for δA/A larger than 10−1
as compared to less than 10−2 for single-pulse resonant
excitation. We achieve almost an order of magnitude
increase in the error tolerance by adding only one addi-
tional pulse (first-oder CP), and 1.5 orders of magnitude
increase by adding two pulses (second-order CP). Note
that the first-order pulses in Fig. 2 (green and red curves)
have similar robustness as they nullify the second deriva-
tive of the propagator element, while the second-order
pulse with N = 3 (blue curve) nullifies the fourth deriva-
tive as well. The pulse overhead for our pulses scales as
N which is significantly better than that of previous pro-
posals [10–12], where it is 2N for N derivatives nullified.
This makes our sequences preferable for applications in
QIP. In our analysis we also allowed for Gaussian errors
of 10% in the individual pulse lengths and averaged over
100 times (with dashed curves in the bottom frame). We
note that the error correction of our CPs is largely unaf-
fected by such inaccuracies.
We examine the robustness of the detuning-modulated
composite sequences vs errors in the Rabi frequency and
target detuning values. In Fig. 3 (a) we present the con-
tour plots of CPT for first-order (left) and second-order
(right) CPs of length N = 3. We note that the contour
plots for any other pulses from their respective families
look similar. For comparison, we show with black ovals
the area with fidelity above 90% (dark red) of a resonant
pulse. By design, our pulses are robust to inaccuracies
in the coupling and detuning parameters thus, the area
of the parameter space where the fidelity is above 90%
is increased significantly. Furthermore, from the contour
plots we find areas in the parameter space (horizontal
dashed white lines) where errors in δ∆i/∆i leave the pop-
ulation fidelity largely unaffected. We plot the horizontal
cut lines in log scale in Fig. 3 (b) for the first- and second-
order CPs (red and blue curves, respectively) compared
to the resonant profile shown in black. Similarly, in Fig. 3
(c) we present the vertical cut lines from (a) that exhibit
notable stability against errors in the coupling strength,
δΩ/Ω. The presented analysis shows that the derived
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Individual detuning error
 ⌦/⌦
<latexit sha1_base64="oZyN00 um5lLQytVrueTM4fWyXRw=">AAACAHicbZDLSsNAFIYn9VbrLerChZ vBIriqiRR0WXDjzgr2Ak0ok8lJO3QyCTMToYRufBU3LhRx62O4822c thG09YeBj/+cw5nzBylnSjvOl1VaWV1b3yhvVra2d3b37P2DtkoySa FFE57IbkAUcCagpZnm0E0lkDjg0AlG19N65wGkYom41+MU/JgMBIsY JdpYffvIC4Frgr3bGAYEn/9A3646NWcmvAxuAVVUqNm3P70woVkMQl NOlOq5Tqr9nEjNKIdJxcsUpISOyAB6BgWJQfn57IAJPjVOiKNEmic0 nrm/J3ISKzWOA9MZEz1Ui7Wp+V+tl+noys+ZSDMNgs4XRRnHOsHTNH DIJFDNxwYIlcz8FdMhkYRqk1nFhOAunrwM7Yua69Tcu3q1US/iKKNj dILOkIsuUQPdoCZqIYom6Am9oFfr0Xq23qz3eWvJKmYO0R9ZH9+4H5 Ui</latexit><latexit sha1_base64="oZyN00 um5lLQytVrueTM4fWyXRw=">AAACAHicbZDLSsNAFIYn9VbrLerChZ vBIriqiRR0WXDjzgr2Ak0ok8lJO3QyCTMToYRufBU3LhRx62O4822c thG09YeBj/+cw5nzBylnSjvOl1VaWV1b3yhvVra2d3b37P2DtkoySa FFE57IbkAUcCagpZnm0E0lkDjg0AlG19N65wGkYom41+MU/JgMBIsY JdpYffvIC4Frgr3bGAYEn/9A3646NWcmvAxuAVVUqNm3P70woVkMQl NOlOq5Tqr9nEjNKIdJxcsUpISOyAB6BgWJQfn57IAJPjVOiKNEmic0 nrm/J3ISKzWOA9MZEz1Ui7Wp+V+tl+noys+ZSDMNgs4XRRnHOsHTNH DIJFDNxwYIlcz8FdMhkYRqk1nFhOAunrwM7Yua69Tcu3q1US/iKKNj dILOkIsuUQPdoCZqIYom6Am9oFfr0Xq23qz3eWvJKmYO0R9ZH9+4H5 Ui</latexit><latexit sha1_base64="oZyN00 um5lLQytVrueTM4fWyXRw=">AAACAHicbZDLSsNAFIYn9VbrLerChZ vBIriqiRR0WXDjzgr2Ak0ok8lJO3QyCTMToYRufBU3LhRx62O4822c thG09YeBj/+cw5nzBylnSjvOl1VaWV1b3yhvVra2d3b37P2DtkoySa FFE57IbkAUcCagpZnm0E0lkDjg0AlG19N65wGkYom41+MU/JgMBIsY JdpYffvIC4Frgr3bGAYEn/9A3646NWcmvAxuAVVUqNm3P70woVkMQl NOlOq5Tqr9nEjNKIdJxcsUpISOyAB6BgWJQfn57IAJPjVOiKNEmic0 nrm/J3ISKzWOA9MZEz1Ui7Wp+V+tl+noys+ZSDMNgs4XRRnHOsHTNH DIJFDNxwYIlcz8FdMhkYRqk1nFhOAunrwM7Yua69Tcu3q1US/iKKNj dILOkIsuUQPdoCZqIYom6Am9oFfr0Xq23qz3eWvJKmYO0R9ZH9+4H5 Ui</latexit><latexit sha1_base64="oZyN00 um5lLQytVrueTM4fWyXRw=">AAACAHicbZDLSsNAFIYn9VbrLerChZ vBIriqiRR0WXDjzgr2Ak0ok8lJO3QyCTMToYRufBU3LhRx62O4822c thG09YeBj/+cw5nzBylnSjvOl1VaWV1b3yhvVra2d3b37P2DtkoySa FFE57IbkAUcCagpZnm0E0lkDjg0AlG19N65wGkYom41+MU/JgMBIsY JdpYffvIC4Frgr3bGAYEn/9A3646NWcmvAxuAVVUqNm3P70woVkMQl NOlOq5Tqr9nEjNKIdJxcsUpISOyAB6BgWJQfn57IAJPjVOiKNEmic0 nrm/J3ISKzWOA9MZEz1Ui7Wp+V+tl+noys+ZSDMNgs4XRRnHOsHTNH DIJFDNxwYIlcz8FdMhkYRqk1nFhOAunrwM7Yua69Tcu3q1US/iKKNj dILOkIsuUQPdoCZqIYom6Am9oFfr0Xq23qz3eWvJKmYO0R9ZH9+4H5 Ui</latexit>
(a)
(b)
(c)
  i/ i
<latexit sha1_base64="cLyp4w SnMVwrtnmZq5WphWRGQAk=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzW ARXNVECros6MJlBXuBJoTJZNIOnVyYmQglFNz4Km5cKOLWl3Dn2zhp g2jrgWE+/v8cZs7vp5xJZVlfxtLyyuraemWjurm1vbNr7u13ZJIJQt sk4Yno+VhSzmLaVkxx2ksFxZHPadcfXRV+954KyZL4To1T6kZ4ELOQ Eay05JmHTkC5wsi5Li6PobMf9MyaVbemhRbBLqEGZbU889MJEpJFNF aEYyn7tpUqN8dCMcLppOpkkqaYjPCA9jXGOKLSzac7TNCJVgIUJkKf WKGp+nsix5GU48jXnRFWQznvFeJ/Xj9T4aWbszjNFI3J7KEw40glqA gEBUxQovhYAyaC6b8iMsQCE6Vjq+oQ7PmVF6FzXretun3bqDUbZRwV OIJjOAUbLqAJN9CCNhB4gCd4gVfj0Xg23oz3WeuSUc4cwJ8yPr4Bcs +Wsg==</latexit><latexit sha1_base64="cLyp4w SnMVwrtnmZq5WphWRGQAk=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzW ARXNVECros6MJlBXuBJoTJZNIOnVyYmQglFNz4Km5cKOLWl3Dn2zhp g2jrgWE+/v8cZs7vp5xJZVlfxtLyyuraemWjurm1vbNr7u13ZJIJQt sk4Yno+VhSzmLaVkxx2ksFxZHPadcfXRV+954KyZL4To1T6kZ4ELOQ Eay05JmHTkC5wsi5Li6PobMf9MyaVbemhRbBLqEGZbU889MJEpJFNF aEYyn7tpUqN8dCMcLppOpkkqaYjPCA9jXGOKLSzac7TNCJVgIUJkKf WKGp+nsix5GU48jXnRFWQznvFeJ/Xj9T4aWbszjNFI3J7KEw40glqA gEBUxQovhYAyaC6b8iMsQCE6Vjq+oQ7PmVF6FzXretun3bqDUbZRwV OIJjOAUbLqAJN9CCNhB4gCd4gVfj0Xg23oz3WeuSUc4cwJ8yPr4Bcs +Wsg==</latexit><latexit sha1_base64="cLyp4w SnMVwrtnmZq5WphWRGQAk=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzW ARXNVECros6MJlBXuBJoTJZNIOnVyYmQglFNz4Km5cKOLWl3Dn2zhp g2jrgWE+/v8cZs7vp5xJZVlfxtLyyuraemWjurm1vbNr7u13ZJIJQt sk4Yno+VhSzmLaVkxx2ksFxZHPadcfXRV+954KyZL4To1T6kZ4ELOQ Eay05JmHTkC5wsi5Li6PobMf9MyaVbemhRbBLqEGZbU889MJEpJFNF aEYyn7tpUqN8dCMcLppOpkkqaYjPCA9jXGOKLSzac7TNCJVgIUJkKf WKGp+nsix5GU48jXnRFWQznvFeJ/Xj9T4aWbszjNFI3J7KEw40glqA gEBUxQovhYAyaC6b8iMsQCE6Vjq+oQ7PmVF6FzXretun3bqDUbZRwV OIJjOAUbLqAJN9CCNhB4gCd4gVfj0Xg23oz3WeuSUc4cwJ8yPr4Bcs +Wsg==</latexit><latexit sha1_base64="cLyp4w SnMVwrtnmZq5WphWRGQAk=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzW ARXNVECros6MJlBXuBJoTJZNIOnVyYmQglFNz4Km5cKOLWl3Dn2zhp g2jrgWE+/v8cZs7vp5xJZVlfxtLyyuraemWjurm1vbNr7u13ZJIJQt sk4Yno+VhSzmLaVkxx2ksFxZHPadcfXRV+954KyZL4To1T6kZ4ELOQ Eay05JmHTkC5wsi5Li6PobMf9MyaVbemhRbBLqEGZbU889MJEpJFNF aEYyn7tpUqN8dCMcLppOpkkqaYjPCA9jXGOKLSzac7TNCJVgIUJkKf WKGp+nsix5GU48jXnRFWQznvFeJ/Xj9T4aWbszjNFI3J7KEw40glqA gEBUxQovhYAyaC6b8iMsQCE6Vjq+oQ7PmVF6FzXretun3bqDUbZRwV OIJjOAUbLqAJN9CCNhB4gCd4gVfj0Xg23oz3WeuSUc4cwJ8yPr4Bcs +Wsg==</latexit>
  i/ i
<latexit sha1_base64="cLyp4w SnMVwrtnmZq5WphWRGQAk=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzW ARXNVECros6MJlBXuBJoTJZNIOnVyYmQglFNz4Km5cKOLWl3Dn2zhp g2jrgWE+/v8cZs7vp5xJZVlfxtLyyuraemWjurm1vbNr7u13ZJIJQt sk4Yno+VhSzmLaVkxx2ksFxZHPadcfXRV+954KyZL4To1T6kZ4ELOQ Eay05JmHTkC5wsi5Li6PobMf9MyaVbemhRbBLqEGZbU889MJEpJFNF aEYyn7tpUqN8dCMcLppOpkkqaYjPCA9jXGOKLSzac7TNCJVgIUJkKf WKGp+nsix5GU48jXnRFWQznvFeJ/Xj9T4aWbszjNFI3J7KEw40glqA gEBUxQovhYAyaC6b8iMsQCE6Vjq+oQ7PmVF6FzXretun3bqDUbZRwV OIJjOAUbLqAJN9CCNhB4gCd4gVfj0Xg23oz3WeuSUc4cwJ8yPr4Bcs +Wsg==</latexit><latexit sha1_base64="cLyp4w SnMVwrtnmZq5WphWRGQAk=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzW ARXNVECros6MJlBXuBJoTJZNIOnVyYmQglFNz4Km5cKOLWl3Dn2zhp g2jrgWE+/v8cZs7vp5xJZVlfxtLyyuraemWjurm1vbNr7u13ZJIJQt sk4Yno+VhSzmLaVkxx2ksFxZHPadcfXRV+954KyZL4To1T6kZ4ELOQ Eay05JmHTkC5wsi5Li6PobMf9MyaVbemhRbBLqEGZbU889MJEpJFNF aEYyn7tpUqN8dCMcLppOpkkqaYjPCA9jXGOKLSzac7TNCJVgIUJkKf WKGp+nsix5GU48jXnRFWQznvFeJ/Xj9T4aWbszjNFI3J7KEw40glqA gEBUxQovhYAyaC6b8iMsQCE6Vjq+oQ7PmVF6FzXretun3bqDUbZRwV OIJjOAUbLqAJN9CCNhB4gCd4gVfj0Xg23oz3WeuSUc4cwJ8yPr4Bcs +Wsg==</latexit><latexit sha1_base64="cLyp4w SnMVwrtnmZq5WphWRGQAk=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzW ARXNVECros6MJlBXuBJoTJZNIOnVyYmQglFNz4Km5cKOLWl3Dn2zhp g2jrgWE+/v8cZs7vp5xJZVlfxtLyyuraemWjurm1vbNr7u13ZJIJQt sk4Yno+VhSzmLaVkxx2ksFxZHPadcfXRV+954KyZL4To1T6kZ4ELOQ Eay05JmHTkC5wsi5Li6PobMf9MyaVbemhRbBLqEGZbU889MJEpJFNF aEYyn7tpUqN8dCMcLppOpkkqaYjPCA9jXGOKLSzac7TNCJVgIUJkKf WKGp+nsix5GU48jXnRFWQznvFeJ/Xj9T4aWbszjNFI3J7KEw40glqA gEBUxQovhYAyaC6b8iMsQCE6Vjq+oQ7PmVF6FzXretun3bqDUbZRwV OIJjOAUbLqAJN9CCNhB4gCd4gVfj0Xg23oz3WeuSUc4cwJ8yPr4Bcs +Wsg==</latexit><latexit sha1_base64="cLyp4w SnMVwrtnmZq5WphWRGQAk=">AAACA3icbZDLSsNAFIZPvNZ6i7rTzW ARXNVECros6MJlBXuBJoTJZNIOnVyYmQglFNz4Km5cKOLWl3Dn2zhp g2jrgWE+/v8cZs7vp5xJZVlfxtLyyuraemWjurm1vbNr7u13ZJIJQt sk4Yno+VhSzmLaVkxx2ksFxZHPadcfXRV+954KyZL4To1T6kZ4ELOQ Eay05JmHTkC5wsi5Li6PobMf9MyaVbemhRbBLqEGZbU889MJEpJFNF aEYyn7tpUqN8dCMcLppOpkkqaYjPCA9jXGOKLSzac7TNCJVgIUJkKf WKGp+nsix5GU48jXnRFWQznvFeJ/Xj9T4aWbszjNFI3J7KEw40glqA gEBUxQovhYAyaC6b8iMsQCE6Vjq+oQ7PmVF6FzXretun3bqDUbZRwV OIJjOAUbLqAJN9CCNhB4gCd4gVfj0Xg23oz3WeuSUc4cwJ8yPr4Bcs +Wsg==</latexit>
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Individual detuning error in units of  <latexit sha1_base64="4+JDxqWMhSeTP +XZs3fDaE6T1FM=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV0RzDGgB48RzAOSJcxO OsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3 BYOjpuWp0aDg2upTbtiFmQQkEDBUpoJwZYHEloReObmd96AmOFVg84SSCM2VCJgeAMndT s3oJE1iuV/Yo/B10lQU7KJEe9V/rq9jVPY1DIJbO2E/gJhhkzKLiEabGbWkgYH7MhdBxV LAYbZvNrp/TcKX060MaVQjpXf09kLLZ2EkeuM2Y4ssveTPzP66Q4qIaZUEmKoPhi0SCVFD WdvU77wgBHOXGEcSPcrZSPmGEcXUBFF0Kw/PIqaV5WAr8S3F+Va9U8jgI5JWfkggTkmtT IHamTBuHkkTyTV/Lmae/Fe/c+Fq1rXj5zQv7A+/wBXYqO8g==</latexit><latexit sha1_base64="4+JDxqWMhSeTP +XZs3fDaE6T1FM=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV0RzDGgB48RzAOSJcxO OsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3 BYOjpuWp0aDg2upTbtiFmQQkEDBUpoJwZYHEloReObmd96AmOFVg84SSCM2VCJgeAMndT s3oJE1iuV/Yo/B10lQU7KJEe9V/rq9jVPY1DIJbO2E/gJhhkzKLiEabGbWkgYH7MhdBxV LAYbZvNrp/TcKX060MaVQjpXf09kLLZ2EkeuM2Y4ssveTPzP66Q4qIaZUEmKoPhi0SCVFD WdvU77wgBHOXGEcSPcrZSPmGEcXUBFF0Kw/PIqaV5WAr8S3F+Va9U8jgI5JWfkggTkmtT IHamTBuHkkTyTV/Lmae/Fe/c+Fq1rXj5zQv7A+/wBXYqO8g==</latexit><latexit sha1_base64="4+JDxqWMhSeTP +XZs3fDaE6T1FM=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV0RzDGgB48RzAOSJcxO OsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3 BYOjpuWp0aDg2upTbtiFmQQkEDBUpoJwZYHEloReObmd96AmOFVg84SSCM2VCJgeAMndT s3oJE1iuV/Yo/B10lQU7KJEe9V/rq9jVPY1DIJbO2E/gJhhkzKLiEabGbWkgYH7MhdBxV LAYbZvNrp/TcKX060MaVQjpXf09kLLZ2EkeuM2Y4ssveTPzP66Q4qIaZUEmKoPhi0SCVFD WdvU77wgBHOXGEcSPcrZSPmGEcXUBFF0Kw/PIqaV5WAr8S3F+Va9U8jgI5JWfkggTkmtT IHamTBuHkkTyTV/Lmae/Fe/c+Fq1rXj5zQv7A+/wBXYqO8g==</latexit><latexit sha1_base64="4+JDxqWMhSeTP +XZs3fDaE6T1FM=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV0RzDGgB48RzAOSJcxO OsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6Pvf3tr6xubWdmGnuLu3f3 BYOjpuWp0aDg2upTbtiFmQQkEDBUpoJwZYHEloReObmd96AmOFVg84SSCM2VCJgeAMndT s3oJE1iuV/Yo/B10lQU7KJEe9V/rq9jVPY1DIJbO2E/gJhhkzKLiEabGbWkgYH7MhdBxV LAYbZvNrp/TcKX060MaVQjpXf09kLLZ2EkeuM2Y4ssveTPzP66Q4qIaZUEmKoPhi0SCVFD WdvU77wgBHOXGEcSPcrZSPmGEcXUBFF0Kw/PIqaV5WAr8S3F+Va9U8jgI5JWfkggTkmtT IHamTBuHkkTyTV/Lmae/Fe/c+Fq1rXj5zQv7A+/wBXYqO8g==</latexit>
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Individual coupling error in units of ⌦<latexit sha1_base64="B3z+DKockARUC c3mMn4dNkNX/fo=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHgxZsRzAOSJcx OOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vbX1jc2t7cJOcXdv /+CwdHTcNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfzPzWE2rDlXywkwTDmA4lH3BG rZOa3bsYh7RXKvsVfw6ySoKclCFHvVf66vYVS2OUlglqTCfwExtmVFvOBE6L3dRgQtmYD rHjqKQxmjCbXzsl507pk4HSrqQlc/X3REZjYyZx5Dpjakdm2ZuJ/3md1A6qYcZlklqUbL FokApiFZm9TvpcI7Ni4ghlmrtbCRtRTZl1ARVdCMHyy6ukeVkJ/Epwf1WuVfM4CnAKZ3 ABAVxDDW6hDg1g8AjP8ApvnvJevHfvY9G65uUzJ/AH3ucPXC+O8Q==</latexit><latexit sha1_base64="B3z+DKockARUC c3mMn4dNkNX/fo=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHgxZsRzAOSJcx OOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vbX1jc2t7cJOcXdv /+CwdHTcNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfzPzWE2rDlXywkwTDmA4lH3BG rZOa3bsYh7RXKvsVfw6ySoKclCFHvVf66vYVS2OUlglqTCfwExtmVFvOBE6L3dRgQtmYD rHjqKQxmjCbXzsl507pk4HSrqQlc/X3REZjYyZx5Dpjakdm2ZuJ/3md1A6qYcZlklqUbL FokApiFZm9TvpcI7Ni4ghlmrtbCRtRTZl1ARVdCMHyy6ukeVkJ/Epwf1WuVfM4CnAKZ3 ABAVxDDW6hDg1g8AjP8ApvnvJevHfvY9G65uUzJ/AH3ucPXC+O8Q==</latexit><latexit sha1_base64="B3z+DKockARUC c3mMn4dNkNX/fo=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHgxZsRzAOSJcx OOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vbX1jc2t7cJOcXdv /+CwdHTcNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfzPzWE2rDlXywkwTDmA4lH3BG rZOa3bsYh7RXKvsVfw6ySoKclCFHvVf66vYVS2OUlglqTCfwExtmVFvOBE6L3dRgQtmYD rHjqKQxmjCbXzsl507pk4HSrqQlc/X3REZjYyZx5Dpjakdm2ZuJ/3md1A6qYcZlklqUbL FokApiFZm9TvpcI7Ni4ghlmrtbCRtRTZl1ARVdCMHyy6ukeVkJ/Epwf1WuVfM4CnAKZ3 ABAVxDDW6hDg1g8AjP8ApvnvJevHfvY9G65uUzJ/AH3ucPXC+O8Q==</latexit><latexit sha1_base64="B3z+DKockARUC c3mMn4dNkNX/fo=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHgxZsRzAOSJcx OOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vbX1jc2t7cJOcXdv /+CwdHTcNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfzPzWE2rDlXywkwTDmA4lH3BG rZOa3bsYh7RXKvsVfw6ySoKclCFHvVf66vYVS2OUlglqTCfwExtmVFvOBE6L3dRgQtmYD rHjqKQxmjCbXzsl507pk4HSrqQlc/X3REZjYyZx5Dpjakdm2ZuJ/3md1A6qYcZlklqUbL FokApiFZm9TvpcI7Ni4ghlmrtbCRtRTZl1ARVdCMHyy6ukeVkJ/Epwf1WuVfM4CnAKZ3 ABAVxDDW6hDg1g8AjP8ApvnvJevHfvY9G65uUzJ/AH3ucPXC+O8Q==</latexit>
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FIG. 3. (color online) Robustness of first- and second-order
detuning-modulated sequences vs errors in the coupling and
detuning. (a) Contour plots of the fidelity of CPT for N = 3
sequences as a function of errors in the detuning δ∆i/∆i and
the coupling δΩ/Ω. (b) Horizontal cut lines from (a) for first-
order (red curve) and second-order (blue curve) sequences. (c)
Similar to (b) vertical cut lines from (a). For easy reference,
the fidelity of a single resonant pulse is shown in black.
detuning-modulated sequences are a powerful tool for
robust qubits inversion in the presence of any experi-
mental parameter deviation, e.g., pulse duration, pulse
amplitude, unwanted detunings, Stark shifts, unwanted
frequency chirp, etc.
Realization in coupled waveguides. The detuning-
modulated CPs, which allow for remarkable error tol-
erance in qubit inversions, are perfectly suited for imple-
mentation in integrated photonic circuits. These pulses
offer a unique solution to overcome inaccuracies in fabri-
cation and provide a path for true high-fidelity quantum
information processing schemes. In the following, we pro-
vide a detailed implementation of our CPs in directional
couplers, which serve as a major building block for QIP.
In Fig. 1(b), two evanescently-coupled optical waveg-
uides are shown set apart at a constant distance g mea-
sured from their centerlines. Within the coupled-mode
theory approximation [23], the amplitudes of the funda-
mental modes in the waveguides obey an equation anal-
ogous to Eq. (1) where the coupling is Ω = ae−bg with a
and b being parameters that depend on the material and
geometry. As g is fixed, Ω is also fixed during the entire
evolution. The system is on resonance if the waveguides
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FIG. 4. Complete light transfer in first-order N = 2 detuning-
modulated composite coupled waveguides. (a) An out-of-scale
schematic with EME calculation. (b) The light intensity vs
the normalized propagation length. (c) Fidelity of the light
transfer vs errors in the target phase mismatch and propaga-
tion length values.
have identical geometry, otherwise there is a real-valued
phase mismatch equal to the difference between their re-
spective propagation constants βi, i.e., ∆ = (β1 − β2)/2.
Thus, it is straightforward to implement our sequences
by sequentially changing the waveguides’ relative widths
such that there are phase jumps in the values of ∆.
We present an out-of-scale schematic of the first-order
detuning-modulated CP with N = 2 in coupled waveg-
uides in Fig. 4 (a). The width of waveguide 1, w1, is
fixed, while the width of waveguide 2 changes midlength
from 1.034w1 to 0.966w1, which realizes the required
phase mismatch change in the specific Si on SiO2 con-
figuration that we considered. We perform a calculation
by employing an eigenmode expansion (EME) solver to
simulate the light propagation along the two waveguides
with total length 2L. We plot the light intensity of waveg-
uides 1 and 2 in Fig. 4 (b) along with the corresponding
Bloch sphere path of the state vector. We observe a com-
plete light switching at the end of the coupler and study
its robustness as a function of the phase mismatch error
δ∆/∆ and the propagation length error δL/L as com-
pared to their target values. We shown the results in
Fig. 4 (c) and observe high fidelity light transfer even
in the presence of errors in excellent agreement with the
theoretical calculations (Figs. 2 and 3).
We present the implementation in coupled waveg-
uides of the first- and second-order detuning-modulated
CPs with N = 3 in Fig. 5. The length of the sep-
arate propagation regions are calculated according to
l = pi/
√
Ω2 + ∆2. For the first-order CP implementa-
tion Fig. 5 (a) these are equal while the width of waveg-
uide 2 changes as 1.057w1, 0.943w1, and 1.057w1. In Fig.
5(b) we show the second-order CPs implemented where
the width of waveguide 2 changes as 1.107w1, w1 and
0.893w1. In a similar fashion, any first-order and second-
order composite sequence can be easily realized in a di-
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FIG. 5. Realizations of first- and second-order detuning-
modulated CPs with N = 3 in coupled waveguides. (a) The
light intensity vs the normalized propagation length for a
(solid lines) first-order sequence and (dashed lines) second-
order sequence. (b) An out-of-scale schematic for the first-
order sequence. (c) Same as (b) for the second-order sequence.
rectional waveguide coupler for high-fidelity robust light
switching.
Conclusions. We introduced a novel set of detuning-
modulated composite pulse sequences that are charac-
teristically robust to inaccuracies in the systematic pa-
rameters including duration, coupling strength and off-
resonance errors of the interaction. The control knobs,
which we utilized to achieve broadband population in-
version, are the detuning parameters of the constituent
pulses, while we allow for real coupling constants. We
achieved an inversion gate fidelity above the QI thresh-
old vs errors of several percents in the pulse area for a se-
quence of only 2 constituent pulses, and vs errors of over
10% for 3 constituent pulses. Furthermore, we showed
that the presented sequences are inherently robust to er-
rors in the detuning and coupling parameters. The pre-
sented composite pulses are radically different compared
to existing composite sequences, which assume complex
coupling parameters and modify their phases. Thus, we
believe that our general solutions will be the cornerstone
for any quantum information protocols and in particular
well-suited for practical realization of high-fidelity quan-
tum computing in integrated photonic circuits.
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